The area postrema (AP) is a circumventricular organ with important roles in central autonomic 20 regulation. This medullary structure has been shown to express the leptin receptor and has 21 been suggested to have a role in modulating peripheral signals indicating energy status. Using 22
INTRODUCTION
leptin receptor isoforms were used to detect the presence of leptin receptor (LepR) mRNA (see 126 Table 1 ). To determine whether the signaling form of the receptor (ObRb) mRNA was present in 127 AP, two different primer sets, one previously verified primer set (10) and one we designed consisting of (in mM): NaCl (87), KCl (2.5), NaHCO 3 (25), CaCl 2 (0.5), MgCl 2 (7), NaH 2 PO 4 (1.25), 151 glucose (25), and sucrose (75). A medullary tissue block containing the AP was isolated and 152 300μm coronal slices were obtained using a vibratome (Leica, Nussloch Germany). Slices were 153 then incubated at 32°C for at least 1 h in oxygenated aCSF (external recording solution) 154 composed of (in mM): NaCl (126), KCl (2.5), NaHCO 3 (26), CaCl 2 (2), MgCl 2 (2), NaH 2 PO 4 (1.25), 155 and glucose (10), pH 7.2 with NaOH. Slices were transferred to a recording chamber and 156 continuously perfused at a rate of 1-2 ml/min with 32°C aCSF. Neurons were visualized using an 157 infrared differential interference contrast system on an upright microscope (Nikon, Japan). 158
159
Electrophysiology 160
Whole cell current-clamp recordings from AP neurons were obtained using an Axopatch 700B 161 (dissociated cell recording) or Multiclamp 700B (slice recordings) patch-clamp amplifier 162 (Molecular Devices, Palo Alto, CA). Stimulation and recording parameters were controlled by 163 Spike2 (version 6) and Signal (version 3) software (Cambridge Electronics Design, Cambridge, 164 UK). For dissociated cell recordings, data were acquired at 8 kHz, filtered at 2 kHz, and digitized 165 using a Micro1401 interface (Cambridge Electronics Design) while for slice recordings data were 166 acquired at 10 kHz and filtered at 2.4KHz. Capacitive transients and series resistance errors 167 were minimized before recording. For dissociated cell recordings, the external recording 168 solution contained the following (in mM): NaCl (140), KCl (5), MgCl 2 (1), CaCl 2 (1), HEPES (10), 169
and Glucose (10), pH 7.2 with NaOH. Patch electrodes were made from borosilicate glass 170 (World Precision Instruments, Sarasota, FL) on a Flaming Brown micropipette puller (model fire polished and had resistances of 2.5-5 MΩ when filled with internal recording solution that 173 contained (in mM) K-gluconate (130), KCl (10), MgCl 2 (1), 2 CaCl 2 , HEPES (10), EGTA (10), and 174 NaATP (2). For slice recording, pipettes were filled with an intracellular solution made of (in 175 mM): potassium gluconate (125), KCl (10), MgCl 2 (2), CaCl 2 (0.1), EGTA (5.5), HEPES (10), NaATP 176
(2), pH 7.2 with KOH and had a resistance of 3-5 MΩ. All chemicals were purchased from Sigma 177 (Oakville, ON, Canada). 178
Once whole cell configuration was achieved, cells were perfused via a gravity-fed perfusion 179 system with external recording solution at a rate of 1-2 ml/min. Cells were defined as neurons 180
by the presence of ≥50 mV action potentials. Following a minimum 5 min. stable baseline 181 recording period (control), 100 pM or 10 nM leptin (Phoenix Pharmaceuticals, Belmont, CA; 182 reconstituted in external recording solution) was bath applied for 100-200 sec followed by a 183 wash with external recording solution. Leptin concentrations were chosen based on the low 184 and high boundaries of leptin concentrations normally measured in rat circulation (40; 41). 185
We also examined the effects of leptin in amylin-sensitive AP neurons, by determining the 186 effect of bath administration of amylin (10 nM) and leptin (10 nM) on the same dissociated AP 187 neurons. Leptin was applied before amylin in some recordings and in other recordings the order 188 of peptide application was reversed. The second peptide was not applied until the neuron fully 189 recovered and stabilized at the original baseline potential, or the neuron partially recovered 190 and stabilized at a new membrane potential. 191
Changes in membrane potential were calculated from the maximal difference between the 194 average membrane potential in 100 sec segments immediately before and for 100 sec epochs 195 after peptide application. AP neurons were considered responsive if this difference was ≥2 SDs 196 of the mean baseline membrane potential and the cell showed recovery toward baseline. To be 197 considered significant, a response must have initiated during the period of leptin application. 198
The response magnitude was measured at its maximum value (mean over 100sec epoch) before 199 returning to baseline. Changes in action potential frequency (in cells that displayed 200 spontaneous action potentials) were assessed by comparison of the difference between the 201 mean action potential frequency for 100 sec immediately before leptin application and that 202 after leptin application. 203
Measurements of cAMP levels in dissociated AP neurons by Fluorescence Resonance Energy 204

Transfer (FRET) 205
In order to elucidate possible mechanisms of leptin and amylin actions in single AP neurons, 206 since amylin was known to act through cAMP-signaling, we measured changes in levels of cAMP 207 in AP neurons exposed to amylin and or leptin using a previously described Fluorescence RT-PCR analysis of cDNA obtained from mRNA isolated from acutely micro-dissected AP using 257 primer sets directed toward an extracellular domain common to all leptin receptor isoforms 258
confirmed the presence of leptin receptor (LepR) mRNA in AP (see Figure 1 ). To determine whether the signaling form of the leptin receptor (ObRb) was present in AP, primer sets 260 directed toward two different unique intracellular signaling domains on the ObRb receptor 261 were used and revealed the presence of ObRb mRNA in AP (see Figure 1 ). ObRa mRNA was also 262 present in AP as illustrated in Figure 1 . LepR, ObRb1, ObRb2, and ObRa mRNA were also 263 localized in the hypothalamus, an area of the brain previously shown to express ObRb (22), 264
which thus served as a positive control (see Figure 1 ). GAPDH served as a positive control for 265 the PCR reactions. PCR products for GAPDH and all leptin receptors (ObRb1, ObRb2, ObRa, and 266 LepR) were not observed in the no template control (NTC) lane in which the template was 267 omitted from the cDNA synthesis reaction and no labeling was found in the negative controls 268 (data not shown). The validity of all PCR products was confirmed by sequencing. the effects of 100pM leptin on membrane potential were numerically smaller than observed 295 after administration of 10nM, these changes were not statistically significant (depolarization: 296 p=0.6; hyperpolarization p=0.32), nor were the proportion of cells demonstrating depolarizing 297 and hyperpolarizing responses significantly changed (p = .72, Fisher's exact test). 298
To ensure that the effects on the neuronal excitability of dissociated AP neurons in response to 299 leptin administration were not the result of changes in these cells as a consequence of the 300 dissociation procedure, the effect of leptin administration on AP neurons in acute AP slice 301 preparations was also evaluated. Whole cell current-clamp recordings from 10 AP neurons in 302 such medullary slices showed similar responsiveness to bath application of 10 nM leptin with 30% of cells exhibiting depolarizations (mean change in membrane potential 6.95 ± 1.2 mV, n = 304 3, see Figure 2 ), while 4 cells hyperpolarized (−4.5 ± 0.95 mV, see Figure 2 ). The remaining cells 305 tested (n=3) were unaffected by leptin application. 306 307
Leptin influences amylin sensitive area postrema neurons 308
We next examined whether leptin influenced amylin sensitive AP neurons, using whole-cell 309 current clamp recordings from 14 dissociated AP neurons which were tested for responsiveness 310 to both leptin (10nM) and amylin (10 nM). Of the 7 cells that depolarized in response to bath 311 administration of leptin, 5 also depolarized in response to similar bath perfusion of amylin (see 312 The effects of amylin on intracellular cAMP levels are well documented (2; 14; 26; 32; 66). In 319 addition, mRNA for a variety of PDEs (PDE4A, PDE4B, PDE4D, and PDE7B) are present in AP (48; 320 56; 69) and 8-bromo-cAMP has been shown to excite AP neurons (13). As such, we sought to 321 examine potential interactions between leptin and amylin in cAMP mediated signaling using a 322
FRET-based cAMP sensor in AP neurons. Consistent with the fact that the cells expressing the 323 cAMP sensor were healthy, 17 of the 19 cells used in our analysis of changes in cAMP in 324 response to either leptin or amylin, responded to a saturating cAMP stimulus (IBMX+FSK). In these cells, amylin elicited clear increases in cAMP in 13 of these 17 cells (amylin induced 326 increase in cAMP = 21.7% ± 3.1% of maximum, see Figure 4 ). The impact of leptin on cAMP 327 levels in these AP neurons was also tested and, intriguingly, 14 of the 17 cells also responded to 328 this peptide with an increase in cAMP (leptin induced increase in cAMP = 25.3% ± 4.9% of 329 maximum, see Figure 4 ). In these experiments, 12 of the 14 cells that responded to amylin with 330 an increase in cAMP also responded similarly to leptin. We next examined effects of co-331 administration of amylin and leptin and found that in 6 of 7 cells addition of both these 332 peptides additively increased cAMP, with amylin and leptin co-administration increasing cAMP 333 by 53.0% ± 8.3% of the maximal possible response. The increase in cAMP caused by the 334 simultaneous addition of both leptin and amylin was significantly greater than the effects 335 observed when either of these peptides was used alone (p<.0016, see Figure 4 ). 336
337
DISCUSSION 338
In this study we have, confirmed the presence of the signaling form of the leptin receptor, 339
ObRb, using RT-PCR in acutely dissected AP, and have also shown direct effects of the 340 adipocyte-derived hormone, leptin, on the excitability of AP neurons. 341
Although the hypothalamic arcuate nucleus is perceived as the principal mediator of leptin 342 signaling, there is a growing body of evidence suggesting that leptin also acts in the caudal 343 Further support for a functional role of ObRb receptor activation in AP is shown by the results 356 of our electrophysiological recordings in the present study. Using current clamp techniques to 357 record from AP neurons in both dissociated cell and medullary slice preparations, we showed 358 that more than half the AP neurons were influenced by leptin, with either depolarization or 359 hyperpolarization observed in response to this adipokine. The dissociation process leaves us 360 with single AP cells in synaptic isolation (no visible dendritic contacts), which are thus ideally 361 suited for the assessment of direct effects of exogenously applied leptin on the excitability of 362 AP neurons. Although it is possible that the dissociation procedure itself or the 1-5 day culture 363 period influenced receptor expression, it is not likely as leptin-mediated responses on neuronal 364 excitability were not altered during our recording period and similar responses were observed 365 in cells obtained from our acute AP slice preparation. Similar findings from dissociated neurons 366 and neurons obtained from acutely prepared brain slices have been previously demonstrated 367 for adiponectin actions in the AP (24) and leptin actions in the SFO (68).
Although not evaluated in the present study, the differential responses (depolarization vs The existence of neuronal subpopulations within the AP may also underlie our observation that 382 leptin induced both excitatory and inhibitory responses in different AP neurons. As such, we 383 investigated whether the subpopulation of AP neurons that is activated by leptin is also 384 activated by amylin, a pancreatic peptide that is co-secreted with insulin in response to food 385 intake and increases in blood glucose (16), reducing food intake by binding its receptors in the 386 CNS (49). The AP has been shown to mediate the anorexic effects of amylin as these effects on 387 food intake are eliminated in AP-lesioned animals (43; 44). Electrophysiological studies have 388
revealed that amylin depolarizes about half of AP neurons tested and about 90% of these neurons are also sensitive to glucose (57; 58), suggesting integrative actions of energy 390 homeostasis related circulating factors at the AP. 391
Given that leptin and amylin both inhibit food intake in response to positive energy balance, 392 albeit that they function over different time periods (leptin is a long-term adiposity signal, 393
whereas amylin is a short-term satiation signal), it is plausible that a subpopulation of AP 394 neurons may mediate the anorexic effects of both these circulating factors, and thus exhibit 395 excitatory responses to both peptides. This premise is also supported by the observation that 396 suggested that the AP is not the site of action for these synergistic effects but rather 409 downstream autonomic nuclei that control feeding behavior, energy expenditure and fat ventromedial and dorsomedial hypothalamus) or the mesolimbic reward system (nucleus 412 accumbens or ventral tegmental area) (42; 73)(see (52; 72) for review ) underlie these effect. 413
However, the results of the current study demonstrating that leptin and amylin influence the 414 same AP neurons and that leptin and amylin act in an additive manner to increase cAMP in the 415 AP suggests that the AP might be an important site of integration of these two circulating 416 signals which then act to influence downstream autonomic nuclei that control feeding 417
behavior. 418
Many recent studies have evaluated the effect of leptin and amylin co-administration on a 419 variety of intracellular signaling pathways, however, the mechanism(s) of leptin/amylin 420 interaction remain to be fully elucidated. It has been demonstrated that, in human peripheral 421 tissues (adipose tissue, primary adipocytes, blood mononuclear cells), leptin and amylin have 422 additive effects on STAT3 phosphorylation, extracellular signal-related kinase (ERK) activation 423 as well as protein kinase B (Akt) and AMP-activated protein kinase (AMPK) activation (47). In 424 vivo, co-administration of leptin and amylin has been shown to stimulate central histaminergic 425 signaling (64). 426
The presence of mRNA for a variety of PDEs in AP (48; 56; 69) and the demonstration that 8-427 bromo-cAMP excites AP neurons (13) suggest a role for cAMP in AP signaling. As the effects of 428 amylin on intracellular cAMP levels are well documented (2; 14; 26; 32; 66), our finding that 429 amylin increased cAMP levels in AP neurons was not unexpected. However, our finding that 430 leptin administration elevates cAMP levels in AP neurons was unexpected in light of recent 431 work suggesting that leptin promoted increased cAMP hydrolysis through an effect at a cAMP-432 (62; 76; 75;25) (see (1) and (61) for review). Our further demonstration that leptin and amylin 434 elevate cAMP levels in the same AP neurons and that co-administration causes additive effects 435 on cAMP levels in single AP neurons, not only supports the notion that the AP may be a point of 436 integration for these circulating substances, but also suggest that complex alterations in single 437 cell cAMP-mediated signaling may mediate this interaction. In summary, the present study demonstrates the direct actions of leptin on the excitability of 446 AP neurons and suggests that leptin action in the AP may contribute to its modulation of long-447 term energy balance. The AP, an ideal target for leptin due to its ability to monitor the contents 448 of the circulation and transmit this information via well-established projections to autonomic 449 nuclei in the brainstem and hypothalamus, provides a route by which the circulating adiposity 450 signal, leptin, which does not freely diffuse across the BBB, can act to control energy 451 expenditure and feeding behavior. Furthermore, the effects of leptin and amylin on the same Table 1 
